Cyanobacteria display a large diversity of cellular forms ranging from unicellular to complex multicellular fi laments or aggregates. Species in the group present a wide range of metabolic characteristics including the fi xation of atmospheric nitrogen, resistance to extreme environments, production of hydrogen, secondary metabolites and exopolysaccharides. These characteristics led to the growing interest in cyanobacteria across the fi elds of ecology, evolution, cell biology and biotechnology. The number of available cyanobacterial genome sequences has increased considerably in recent years, with more than 140 fully sequenced genomes to date. Genetic engineering of cyanobacteria is widely applied to the model unicellular strains Synechocystis sp. PCC 6803 and Synechococcus elongatus PCC 7942. However the establishment of transformation protocols in many other cyanobacterial strains is challenging. One obstacle to the development of these novel model organisms is that many species have doubling times of 48 h or more, much longer than the bacterial models E. coli or B. subtilis. Furthermore, cyanobacterial defense mechanisms against foreign DNA pose a physical and biochemical barrier to DNA insertion in most strains. Here we review the various barriers to DNA uptake in the context of lateral gene transfer among microbes and the various mechanisms for DNA acquisition within the prokaryotic domain. Understanding the cyanobacterial defense mechanisms is expected to assist in the development and establishment of novel transformation protocols that are specifi cally suitable for this group.
2.. INTRODUCTION
Cyanobacteria carry out oxygenic photosynthesis as their main source of energy. Due to their low nutritional requirements, cyanobacteria are primary producers in the oceans and take a signifi cant part in the oxygen and carbon cycles (Carpenter and Romans 1991, Partensky et al., 1999) . Diazotrophic cyanobacteria also play an important role in the global nitrogen budget (Großkopf and LaRoche 2012); several of those species are found in endosymbiosis with plants, supplying nitrogen derivatives to their host (e.g., NH 3 ). Cyanobacteria are gradually becoming useful in various biotechnological applications (Abed et al., 2009 , Ruffi ng 2011 such as the production of biofuels (Quintana et al., 2011, Jones and Mayfi eld 2012) and hydrogen (Masukawa et al., 2012) . Secondary metabolites of cyanobacterial origin are explored for their utility in novel drug design (Kufryk et al., 2002 , Clerico et al., 2007 . Cyanobacteria are monophyletic yet they are highly diverse in their phenotypic and genotypic characteristics, ranging from unicellular to fi lamentous cell diff erentiating types.
Genetic engineering of cyanobacteria is widely applied to the model unicellular strains Synechocystis sp. PCC 6803 (heretofore Synechocystis) and Synechococcus elongatus PCC 7942 (heretofore S. elongatus) where genetic manipulation techniques as well as genome sequences are available (Kumar 1962 , Bazin 1968 and the typical growth rate is relatively fast (>1 division per day). These strains are utilized as a model system for photosynthesis, type IV microbial motility, and circadian cycles research. Other suitable model organisms include the fi lamentous, heterocystous strains Anabaena sp. PCC 7120 and Nostoc punctiforme PCC 73102. Those are widely used to study cellular diff erentiation, mechanisms of nitrogen fi xation, and cyanobacterial symbioses with plants.
The common methods for transferring foreign DNA into cyanobacteria are transformation, electroporation and conjugation. Transformation, or the uptake of naked DNA into a recipient genome, can occur by natural competence in some cyanobacterial strains and is the common method for transforming Synechocystis and S. elongatus (Kufryk et al., 2002 , Clerico et al., 2007 . DNA can also be transferred by electroporation to unicellular and fi lamentous cyanobacteria (Thiel and Poo 1989, Mermet-Bouvier et al., 1993) . The transfer of circular DNA from E. coli to a diverse range of host bacteria via conjugation (Wolk et al., 1984) is the preferred method for gene transfer into cyanobacteria.
The biology and genomic repertoire of most cyanobacterial strains pose multiple difficulties to the existing genetic engineering approaches. For example, the slow growth rate of many strains reaching approximately 0.2 doublings per day (Lürling et al., 2013) , is a drawback in genetic research. Furthermore, there are still many cyanobacterial species that are not transformable using the current methods of genetic manipulation, or for which the success rate of transformation/ conjugation is low. To overcome these barriers and develop better cyanobacterial-specifi c genetic engineering techniques, we have to understand the resistance mechanisms for DNA uptake that are utilized by species in this phylum.
BARRIERS TO TRANSFER OF FOREIGN DNA INTO CYANO-BACTERIA
Experimental evidence for microbial mating in cyanobacteria is dated back to the early 1960's where the mixing of two Anacystis nidulans strains (aka S. elongatus) resistant to diff erent antibiotics gave rise to a double resistant strain (Kumar 1962 , Bazin 1968 . Transformation of natural competent S. elongatus was demonstrated later on in 1970 (Shestakov and Than Khyen 1970) . Transformation with exogenous DNA, either plasmid, intergeneric or interspecifi c has been successful in a few unicellular species, including Synechococcus sp. PCC 7002 (Stevens and Porter 1980) , Synechocystis (Grigorieva and Shestakov 1982) , Microcystis aeruginosa PCC 7806 (Dittmann et al., 1997) and Thermosynechococcus elongatus BP-1 (Onai et al., 2004) , as well as the heterocystous cyanobacteria Nostoc muscorum and Anabaena tortulosa (Trehan and Sinha 1982) where reciprocal transformation has been exemplifi ed. One of the main diffi culties in establishing a genetic transfer system in cyanobacteria, particularly the fi lamentous strains, is the presence of various restriction-modifi cation systems in these species. Successful transfer of foreign DNA into fi lamentous cyanobacteria was enabled only once the restriction barrier was discovered. However, even today, after years of research, genetic engineering of cyanobacteria is still a challenging task.
Restriction modification systems constitute a genetic barrier, which is the main but not the only barrier to DNA uptake in cyanobacteria. Further physical and functional barriers need to be taken into account for the establishment of successful genetic transfer systems in novel cyanobacterial model organisms. Physical barriers include the presence of extracellular nonspecific nucleases, the production of exopolysaccharides, and unknown mechanisms for natural competence. The functional barrier is determined by the ability of foreign DNA to replicate in the host, either from an autonomously replicative plasmid or by integration into the host genome. Here we review the various barriers to DNA uptake in the context of lateral gene transfer among microbes and the various mechanisms for DNA acquisition within the prokaryotic domain (for reviews see Thomas and Nielsen 2005; Popa and Dagan 2011) .
Physical barriers to DNA uptake

Natural competence
In gram-negative bacteria, natural competence corresponds to the formation of type IV pili (T4P) that form the short type II secretion system (T2SS). The proteins involved in natural competence are homologs to the T4P pilin proteins. In addition to forming the structure and motor of the pili, these proteins assist the binding of exogenous DNA to the cell surface, its transport into the cytoplasm, the processing of DNA into a single strand, and the protection against restriction endonucleases (Chen and Dubnau 2004) . The genetic components of natural competence in cyanobacteria are yet poorly understood, with the exception of pili biogenesis and twitching motility in Synechocystis.
The genome of Synechocystis encodes for more than 30 homologous genes to the T4P pil genes of Pseudomonas aeruginosa including the genes encoding for the structural protein PilA and for PilT, an ATPase putatively involved in generating the force for retraction movement of the pili (Okamoto and Ohmori 2002) . Disruption of pilA, pilT and other pil-like genes aff ected both pili formation and natural competence, showing that the biogenesis of functional pili is required for twitching motility and natural competence in Synechocystis (Yoshihara et al., 2001 , Bhaya et al., 2001 ). In addition, two genes with low similarity to the comAE and comFA competence genes of Bacillus were identifi ed and their disruption aff ects competence in Synechocystis (Yoshihara et al., 2001 , Okamoto and Ohmori 2002 , Nakasugi et al., 2006 . The application of comparative genomics did not reveal further competence genes, probably due to the low sequence similarity with known competence genes, and the lack of clear operon structure in cyanobacterial genomes. Homologs to T4P genes were described in two other naturally competent cyanobacteria T. elongatus (Iwai et al., 2004) (Nakasugi et al., 2007) . pilT knockouts of M. aeruginosa were not reported and whether T4P genes are involved in natural competence in Microcystis remains unknown.
Given the major role of T4P in various microbial motility mechanisms and the abundance of motile cyanobacteria, either by gliding, twitching or swimming, it is reasonable to assume that other functional T4P structures are yet to be discovered. Although alternative gliding mechanisms exist, for example by slime secretion through a pore complex as in some fi lamentous cyanobacteria (Hoiczyk and Baumeister 1998), hormogonia motility may still require T4P. Hormogonia are short fi laments produced by some species of heterocystous cyanobacteria (subsections IV and V). These act as infecting agents in symbiotic cyanobacteria and as dispersal/reproduction units in non-symbiotic cyanobacteria (Rippka et al., 1979, Meeks and Elhai 2002) . Pili structures were observed in hormogonia from Nostoc punctiforme while they were absent from vegetative cells (Duggan et al., 2007) . Disruption of pil-like genes of N. punctiforme showed that they have a role in symbiotic competence (the ability of hormogonia to infect plant cells) but whether they are involved in motility is unclear since wild type hormogonia are not always motile. Increased expression of PilQ in N. punctiforme hormogonia during infection also supports the putative role of Pil proteins in symbiotic competence (Klint et al., 2006) . If hormogonia indeed produce a functional T4P, then natural competence could be studied in hormogonia-enriched cultures. Elucidating the mechanisms of genetic competence in hormogonia developing cyanobacteria whose genome sequences are available, could assist in the prediction of natural competence in those.
The exopolysaccharide layer
Exopolysaccharides (EPS) are produced and secreted by a wide range of bacteria and are involved in diverse functions that range from resistance to desiccation (Mazor et al., 1996) and environmental stresses (De Philippis et al., 2011) , cell adhesion, aggregation and biofilm formation (Sutherland 2001, Flemming and Wingender 2010) , as well as gliding motility (Hoiczyk 2000) . Cyanobacterial cell walls are unique among bacteria, combining elements from gram -negative and-positive bacteria. The presence of an outer wall groups cyanobacteria within gram-negative bacteria; however, the thick peptidoglycan layer and its higher degree of crosslinking resembles that of gram-positives (Hoiczyk and Hansel 2000) . The composition of cyanobacterial EPS diff ers from that of eubacteria by i) the presence of one or two uronic acids ii) a high level of hydrophobicity induced by functional groups such as acetyl groups, deoxysugars, fatty acids and peptides (Fattom and Shilo 1984, De Philippis et al., 2000) iii) ) the number of diff erent monosaccharides (up to 13 in Chroococcus minutus B 41.79) (Fischer et al., 1997) and iv) the presence of sulfate groups commonly encountered in archaeal and eukaryotic EPS but rarely in eubacteria (Panoff et al., 1988 , Fischer et al., 1997 , Nicolaus et al., 1999 , Pereira et al., 2009 . The presence of uronic acids and sulfate groups confer on cyanobacterial EPS a negative charge, and a sticky state that contribute to effi cient sequestering of cations, specifi cally those of heavy metals (De Philippis et al., 2011) . In recent years, the heavy metal chelating ability of cyanobacterial EPS has been widely exploited for treatment of wastewater (De Philippis et al., 2011) . These and further applications of the EPS in biotechnology have been thoroughly reviewed elsewhere (De Philippis and Vincenzini 1998 , Pereira et al., 2009 , Freitas et al., 2011 , De Philippis et al., 2011 . Cyanobacterial EPSs can be classifi ed according to their arrangement at the cell surface in sheath, capsule and mucilage (also slime) ( Figure  1A ). However, the nomenclature of the diff erent layers is somewhat misleading since there is no constant use of terms in the literature. In this review we will follow the terms used by Bertocchi et al. (1990 ), De Philippis and Vincenzini (1998 ), and Nicolaus et al. (1999 .
The sheath is easily identified by light microscopy without staining as a thin translucent layer delineating the shape of the cyanobacterial cell, fi lament or aggregate. It is fi brillar in composition and more rigid than the capsule. The capsular polysaccharides (CPS) surround the sheath and vary extensively in their thickness among the diff erent cyanobacteria. These are usually visible by negative staining (India ink) and can be detached from the fi lament by washing with hot water (Hough et al., 1952) . The mucilage is normally secreted to the extracellular milieu as soluble released polysaccharide (RPS) but it may remain attached to the cell surface. All EPS layers can be visualized with alcian blue staining, which is a cationic dye (Ramus 1977) .
The composition and amount of EPSs is heterogeneous among cyanobacteria and may be infl uenced by environmental conditions such as light intensity, temperature, culture medium, growth stage or nutrient availability (reviewed by De Vincenzini, 1998, Pereira et al., 2009 ). Since these variations are strain-specifi c, they need to be considered if a decreased EPS production level is required previous to the application of a genetic manipulation. The CPS and RPS ratio vary among cyanobacterial isolates as well, where RBS is generally produced in lower quantities than CPS, exceptions are Oscillatoria and Scytonema hofmanni that produce 6-7 times more RPS than CPS (Nicolaus et al., 1999) . (blue) and sheath enclosing cyanobacterial cells presents a physical barrier that may hinder DNA-cell and cell-cell contact. Extracellular nucleases (yellow pacmans) secreted by the host are embedded in the EPS matrix (sheath, capsule and slime) and degrade foreign DNA upon contact. If the physical EPS barrier is passed either by trichome breakage, enzymatic (e.g., some phages encode for polysaccharide lyases (Labrie et al., 2010)) or chemical lysis, or if it is thin enough to allow cell to cell contact, then foreign DNA can be transferred by conjugation (third and fourth cell in the left plot) or transduction. Restriction-Modifi cation (RM) systems differentiate host DNA from foreign DNA trough methylation of host DNA (pink dots) by methyltransferases (MTases) (grey invaginated circles). Restriction endonucleases (REases) (orange pacmans) recognize and cleave unmethylated DNA acquired by either gene transfer system (third cell in the left plot). DNA degradation by RM systems can be avoided by premethylation of DNA with the enzymes known to be active in the host or by randomly premethylating DNA with dam or dcm methylases (fourth cell in the left plot). (B) Development of type four pili (T4P) has been observed only in few natural competent unicellular cyanobacteria. DNA transferred by natural transformation is subject to degradation by RM systems. Transduction as a gene transfer mechanism in cyanobacteria has not been documented, but several cyanophages infecting unicellular and fi lamentous cyanobacteria have been described. Immunity against phage infection is given by the clustered regularly interspaced short palindromic repeat (CRISPR) systems (see text) composed of cas genes (black arrows), CRISPRs (grey boxes) and acquired spacers (colored boxes). If the nucleotide sequence of the incoming phage DNA is recognized with 100% identity by one of the spacers (pink box), the CRIPSR complex will degrade the foreign DNA, exemplifi ed by the scissors. Incoming and acquired DNA from former transduction events is shown as blue and green boxes, respectively.
So far no correlation between the EPS amount and transformation success was documented. However, the EPS content described for several model cyanobacteria is considerably lower than that of environmental or extremophile cyanobacteria, raising the possibility that EPSs are a strong barrier for DNA uptake in cyanobacteria. For example, the CPS content of Anabaena sp. PCC 7120 is less than 1% of its dry mass (Nicolaus et al., 1999) , this can be also observed by using alcian blue stain, which only stain heterocyst polysaccharide and not the vegetative cells of the fi lament (Merino-Puerto et al., 2010) . In contrast, the CPS production of the desert cyanobacteria Nostoc calcicola Gietler, strain 79WA01 can be as high as 70% of the cell biomass (Flaibani et al., 1989) . Several unicellular subsection I cyanobacteria are described as sheathless (Rippka et al., 1979) , but that does not imply that there is no EPS production in those strains, as polysaccharides can be also released into the extracellular matrix. Synechocystis produces 30 mg L -1 of RPS in 30 days (Panoff et al., 1988) , and S. elongatus PCC 7942 can produce up to 462 mg L -1 in 21 days (Sangar and Dugan 1972) , values that are similar to other unicellular cyanobacteria (De Philippis and Vincenzini 1998) and comparably lower than the RPS production of Cyanospira capsulata, which can reach 4 g L -1 in 31 days (Vincenzini et al., 1990) . Cyanobacteria that are diffi cult to transform such as Fischerella muscicola and Chlorogloeopsis fritschii, produce large amounts of CPS corresponding to 15-30% of the total cell dry mass (Schader et al., 1982 , Pritzer et al., 1989 . Representatives of the Chrooccocidiopsis spp. are the only members of subsection II cyanobacteria for which a successful gene transfer has been reported (Billi et al 2001) . These species produce thick EPS layers, however, it was shown that increased thickness of Chrooccocidiopsis spp. sheath did not aff ect conjugation effi ciency. Nevertheless many other cyanobacteria produce large amounts of EPS, among those Phormidium sp., Anabaena WSAF, Anabaena torulosa (Nicolaus et al., 1999) , Chroococcus minutus (Adhikary et al., 1986) and Mastigocladus luminosus (Gloaguen et al., 1999) .
The EPSs composing the hard sheath and capsular slime around the cell form a physical barrier to DNA transfer. In addition to that, the slime is known to house metabolites such as the UV protective Scytonemin (Proteau et al., 1993) and non-covalently attached proteins of mostly unknown function, including nonspecific extracellular nucleases that degrade foreign DNA (Wolk and Kraus 1982 , Soper and Reddy 1994 , Takahashi et al., 1996 . Reduction of EPS production by either optimizing growth conditions or establishing degradation protocols is expected to reduce the CPS layer thickness and help to overcome the physical barrier for DNA import. The enzymatic barrier could be lowered by washing the culture to remove possible nucleases. For example, an effective removal of nucleases has been achieved by increasing the Mg +2 concentration in the culture medium of Spirulina platensis where the reduction of 96-98% of intra and extracellular nuclease activity was observed (Cao et al., 1999) . The reduction of EPSs previous to conjugation-based genetic manipulations could assist in increasing the cell surface area available for donor-recipient contact. Treatment procedures may include growing the cultures under agitation leading to the release of CPSs to the extracellular milieu. However, such treatment will not remove the sheaths which are strongly attached to the cell surface (Hoiczyk and Baumeister 1995) . Other strategies include the use of media with a low concentration of saline sodium citrate (SSC) concentration (0.015 -0.15 M) (Wolk and Kraus 1982), or pumping the cells out of the sheath using a syringe (Haitao and Xudong 2004) . EPS degradation in thermophilic cyanobacteria can be also performed by washing with hot water (>60 °C); however, this procedure requires a subsequent assessment of cell viability. Recently we described a successful conjugation enabling treatment of high-EPS containing cyanobacteria consisting of 1 h agitation of the cultures with concentrated (0.5 -1 M) NaCl, followed by multiple washes with fresh culture media (Stucken et al., 2012) . Additionally, DNA import into the cell using particle bombardment does not require previous treatment of the cells but is less effi cient than conjugation (Stucken et al., 2012) ; this technique, based on high-pressure delivery of DNA coated gold or tungsten particles, is the standard method for organelle targeted transfection (Klein and Fitzpatrick-McElliot 1993) . 
Genetic barriers
DNA
Restriction-modifi cation systems
Restriction-Modification (RM) systems are the bestcharacterized defense mechanism against foreign DNA invasion in bacteria (Arber and Dussoix 1962, Vasu and Nagaraja 2013). Typical RM systems are composed of a restriction endonuclease (REase) and a cognate methyltransferase (MTase). The REase recognizes and cleaves unmodifi ed DNA at a specifi c sequence motif. The MTase modifies DNA by methylation of cytosine and adenine residues within the REase recognition sequence so that the host DNA is protected from the REase activity ( Figure  1A ). RM systems are classifi ed according to the recognition site, cleavage position, subunit composition, and cofactor requirements into four groups (types I-IV) (Roberts 2003) . Since the discovery of RM systems about 50 years ago, almost 5,000 restriction endonucleases, representing more than 300 modes of activity have been discovered in bacterial and archaeal genomes, 66 of which are cyanobacterial. Most cyanobacterial restriction enzymes are classifi ed as Type II systems with AvaII, AvaI and AsuII as the most frequent enzymes in the phylum (Lyra et al., 2000) . Many RM systems, specifically restriction activities, have been detected in cyanobacteria, mostly within the fi lamentous forms Kraus 1982, Lyra et al., 2000) but also within unicellular representatives from the Microcystis and Cyanothece genera (Soper and Reddy 1994 , Soper et al., 1996 , Takahashi et al., 1996 . Here we will discuss the role of RM systems as a defense mechanism against DNA transfer into cyanobacteria in the laboratory.
Restriction enzymes cleave only double stranded DNA. Thus, DNA acquired by natural transformation or conjugation that is imported into the cell as a single strand (Chen et al., 2005) should be immune to the RM system. However, REases can cleave single stranded DNA that is folded into a secondary structure if two identical restriction sites are transiently paired (Nishigaki et al., 1985) , or even when only one restriction site is present (Horiuchi and Zinder 1975, Bischofberger et al., 1987) . This implies that DNA acquired by either transfer mechanism can be subject to degradation by RM systems (Thiel and Poo 1989 , Dittmann et al., 1997 , Elhai et al., 1997 . Consequently, the quantity and diversity of RM systems within the modifi ed bacteria have a large impact on the choice of DNA transfer approach and the transformation success rate. For example, the presence of one unmethylated AvaII site within a plasmid vector reduced the transformation effi ciency by 100-fold in an electroporation experiment with Anabaena sp. strain M131 (Thiel and Poo 1989) . Furthermore, the number of methylated AvaI, AvaII, and AvaIII restriction sites encoded within a plasmid is positively correlated with the effi ciency of conjugal transfer in Anabaena sp. PCC 7120 (Elhai et al., 1997) .
Strategies to circumvent the RM barrier include either the use of helper plasmids carrying cognate MTases for the REases encoded by the cyanobacteria (Thiel and Poo, 1989; Elhai et al., 1997) or deletion of the restriction sites from the foreign DNA (Wolk et al., 1984) . Another alternative is the engineering of mutant strains that are devoid of REases, but this solution still requires cyanobacteria strains that are transformable (Iwai et al., 2004) . The use of helper plasmids that encode a combination of MTases for AvaI, AvaII, and AvaIII sites led to successful gene transfer experiments in cyanobacteria from all fi ve subsections (Summers et al., 1995 , Billi et al., 2001 , Tolonen et al., 2006 , Stucken et al., 2012 , Taton et al., 2012 . This is probably because AvaI is widely distributed among cyanobacteria (Lyra et al., 2000) . However, cyanobacterial strains express a wide variety of RM systems. Previous knowledge of the RM systems repertoire encoded by the cyanobacterium to be genetically modifi ed is expected to assist in the design of specifi c helper plasmids that are devoid of recognized restriction sites or encode for a suitable MTase. Here we present the result of a computational prediction of RM systems encoded in 141 cyanobacterial strains. Homologs to known RM systems deposited in REBASE database (Roberts et al., 2010) were identified by protein sequence similarity. Coding sequences having ≥30% amino acid similarity to known REases and MTases were considered as functional homologs. A total of 1,541 REases and 7,212 MTases had homologs in at least one cyanobacterial genome. These correspond to 188 unique recognition sites (Figure 2) . The most abundant recognition sequences are GATC (137 genomes) and CGATCG (93 genomes) that are degraded by type II REases. No homologs to type III REases were found grouping the currently available genomes. However, this could be also due to the paucity of type III REases in the REBASE database. Most Prochlorococcus and Synechococcus strains contain RM systems that recognize a limited range of motifs, with the exception of Synechococcus sp. PCC 6312 (15 motifs), Synechococcus sp. PCC 7002 (10 motifs), and Synechococcus sp. PCC 7336 (10 motifs). The largest restriction barriers seem to be present in fi lamentous cyanobacteria from Arthrospira (Spirulina) and Oscillatoria, unicellular Cyanothece and all Pleurocapsales strains. The largest recognition site diversity is found in the genomes of M. aeruginosa NIES-843 (40 motifs), Arthrospira maxima CS-328 (37 motifs), Calothrix sp. PCC 7103 (34 motifs) and Nodularia spumigena CCY9414 (28 motifs). A computational prediction of the restriction sites recognized by specific strains can assist the tuning of low efficiency transformation protocols as the expression level of some REases may be too low for detection using common approaches. For example, the activity of AvaIII in Anabaena sp. PCC7120 was detected only after the application of repeated freeze and thaw cycles (Elhai et al., 1997) .
CRISPR phage immunity system
Marine cyanobacteria such as the Prochlorococcus and Synechococcus spp. are under a constant threat of phage infection (Mann 2003 , Avrani et al., 2011 . Cyanophages infecting fi lamentous heterocystous cyanobacteria seem to be less frequent (Hu et al., 1981) . Establishment of transduction as gene transfer system in the laboratory requires lysogenic cyanophages (temperate), such as those that were reported to infect marine Synechococcus strains (McDaniel et al., 2002) and freshwater heterocystous cyanobacteria, however, those are characterized by a narrow host range (Franche 1987) . Broad-range temperate cyanophages would provide ideal vectors for cyanobacterial transduction with foreign DNA. For example, the genome sequencing of Chlorogloeopsis fritschii revealed a prophage that could be studied as transduction vector (Dagan et al., 2013) . A signature of past phage infection can be recognized within the CRISPR loci (Stern et al., 2012) ( Figure 1B) . Those comprise an array of conserved repeated sequences separated by sequence spacers of variable length and composition that are fl anked by CRISPR-associated (cas) genes (Barrangou et al., 2007) . CRISPRs are transcribed to short RNAs (crRNA) that together with the accompanying CAS proteins form a complex that specifi cally identifi es and degrades invading DNA. CRISPR spacers are acquired during phage infection and serve as a recognition sequence for repeating infection by the same phage (reviewed by Sorek et al., 2013) . A survey of CRISPR loci in cyanobacterial genomes revealed their presence in 50 out of 54 analyzed genomes (Shih et al., 2013) and there is no doubt that they are widely distributed among cyanobacteria. Active CRISPRs were recently reported in Synechocystis (Scholz et al., 2013) . The CRISPR system can also identify and degrade foreign plasmids (Marraffi ni and Sontheimer 2008).
Functional barriers to gene acquisition
After an exogenous DNA is imported into the cell, the last obstacle for a successful gene acquisition is the functional barrier. The newly incorporated DNA must be able to replicate, either from an autonomously replicative plasmid or by integration into the host genome. Acquired protein coding sequences must be expressed from their own promoter or be inserted downstream an existing promoter in the host genome. In the case of ectopic expression from the replicative vector, the vector must be able to replicate in the cyanobacterial Figure 2 . A computational prediction of DNA sequence motifs recognized by RM systems in cyanobacterial genomes. A total of 141 cyanobacterial draft and fi nished genomes were downloaded from JGI (http://img.jgi.doe.gov/ version of February 2013) and screened for known REases (REs) and MTases (MTs) using a BLAST search (Altschul et al., 1990 ) with REBASE (Roberts et al., 2010 as a query database. Best BLAST hits for each RE and MT in each genome were identifi ed using a threshold of E-value ≤ 1E-07. These were aligned with their RE/MT query sequence using powerneedle (Rice et al., 2000) . A threshold of 30% global identical amino acids was applied to the resulting pairwise alignments. The resulting dataset has a mean local protein sequence similarity of 43±11% to known REs and MTs. (A) A distribution of proteome size in cyanobacterial genomes. Main cyanobacterial genera are listed at the bottom of the fi gure. (B) The frequency of DNA motifs per genome as predicted by the presence of a corresponding RM system. The stacked bar color corresponds to the RM system components that were detected (see legend) (C) A presence/absence matrix showing the type of REs and MTs (x-axis) found in at least one cyanobacterial genome. The y-axis corresponds to unique DNA sequence motifs recognized by RM systems. The most frequent motifs are listed. (D) The distribution of protein sequence similarity to known RM systems. Colored cells in the matrix M ij correspond to detected RM system in genome i (x-axis) having a recognition site j (y-axis). The cell color corresponds to the sequence identity of the most similar homolog to any RM system component found in the genome according to the color bar on the right.
host. Many cyanobacteria carry plasmids, whose replicons can be used for engineering shuttle vectors for E. coli and cyanobacteria. Such vectors have been designed from Synechocystis, Synechococcus and Anabaena/Nostoc plasmids (Wolk et al., 1984 , Golden and Sherman 1984 , Buzby et al., 1985 , Buikema and Haselkorn 1991 , Summers et al., 1995 . Among those, plasmids based on the pDU1 replicon from Nostoc sp. PCC 7524 are also able to replicate in cyanobacteria from subsections II, III and V (Billi et al., 2001 , Ravindran et al., 2006 , Stucken et al., 2012 . Furthermore, broad host range RSF1010 (IncQ) based plasmids replicate in most subsection I species and in fi lamentous strains from subsections III-IV (Elhai and Wolk 1988 , Mermet-Bouvier et al., 1993 , Haitao and Xudong 2004 , Tolonen et al., 2006 , Wolk et al., 2007 , Min and Sherman 2010 , Taton et al., 2012 .
Overexpression of foreign DNA or native, but rarely transcribed, genes within the host requires strong or inducible promoters. Cyanobacterial promoters regulated by environmental factors such as copper, iron, nitrogen, inorganic carbon and light as well as promoters adapted from E. coli have been successfully used and are reviewed elsewhere (Heidorn et al., 2011 , Ruffi ng 2011 .
If the fate of the exogenous DNA is integration into the host genome by homologous recombination leading to gene replacement or deletion, then double homologous recombination events must occur. A single recombination is used when creating gene-reporter fusions (Elhai and Wolk 1990) . This approach usually results in the incorporation of the whole plasmid and has the advantage of studying the gene products under a native regulatory element. This however can also lead to unexpected results depending on the plasmid integration site. This problem could be circumvented by targeting the plasmid insertion to a neutral locus within the chromosome as described for S. elongatus (Bustos and Golden 1992) , Synechocystis (Williams 1988 , Eisenhut et al., 2012 Synechococcus sp. PCC 7002 (Xu et al., 2011) and Anabaena sp. PCC 7120 (Olmedo-Verd et al., 2005) .
The success rates for single and double crossover events depend on the employed strain and the DNA transfer method. Double crossovers are favored over single crossovers in S. elongatus, Synechocystis, and T. elongatus after natural transformation. This is because the DNA is fragmented upon uptake into competent cells and the fragments carrying homologous regions are inserted into the genome (Williams 1988 , Chauvat et al., 1989 , Labarre et al., 1989 , Tsinoremas et al., 1994 , Iwai et al., 2004 . The opposite is observed after conjugation and electroporation, both promoting single rather then double recombination events (Tsinoremas et al., 1994 , Iwai et al., 2004 . It may occur that illegitimate recombination events are more frequent than homologous recombination, leading to incorporation of the foreign DNA into non-specifi c loci. Interestingly, a transformation with ssDNA leads to successful homologous recombination events in Cyanothece sp. strain ATCC 51142 (Min and Sherman 2010). Lower rates of double crossovers are also observed in Anabaena sp. PCC 7120, where the use of a positive selection marker such as sacB, is the most eff ective way to detect double recombinants (Cai and Wolk 1990) . Several other positive selection markers exist for bacteria, among them, lethal genes (Young-Jun et al., 2002) but they have not been yet implemented in cyanobacteria.
Segregation of the newly acquired inserted DNA fragments is also hampered by ploidy of cyanobacteria since most taxa carry multiple copies of their chromosome. Recent studies using Real-Time qPCR have shown that the number of chromosomes can increase to 218 copies in Synechocystis at exponential growth phase (Griese et al., 2011) , this is the highest number of genome copies reported so far. Ploidy levels of cyanobacteria have been estimated between 8-72 (Herdman et al., 1979) . The number of chromosome copies as most characters discussed in this review, is organism-dependent, but given that polyploidy is a common feature among cyanobacterial strains, several growth cycles can be expected prior to a complete segregation of the investigated character.
Application of systems that increase homologous recombination rates would improve genome manipulation in cyanobacteria. New vectors for recombineering (recombinationmediated genetic engineering (Ellis et al., 2001 ) are being designed for cyanobacteria (Court et al., 2010) . These vectors use the recombination machinery from the prophage lambda, promoting recombination of 30-50 bp regions, and stability of linear DNA fragments (PCR products) or plasmids (Yu et al., 2000) . Recently the use of a cas gene and a guiding RNA from CRISPR were shown to promote targeted chromosome dsDNA breakage leading to 130 fold increase in double homologous recombination rates in yeast (DiCarlo et al., 2013) . The use of these systems would require that the cyanobacteria are transformable, even at low rates. These are, however, promising systems to increase the rate of double crossover events during knockout generation, and if efficient enough they could increase the number of target chromosome copies of polyploid cyanobacteria, accelerating the segregation process.
CONCLUDING REMARKS
The availability of more than 140 cyanobacterial genomes, representing a broad range of morphological diversity, environmental and cellular traits is a fi rst stepping-stone in the choice of a novel cyanobacterium as model organism. Existing genetic manipulation tools developed for model cyanobacteria have been successfully employed in many cyanobacterial strains. Thus, gene transfer methods need not to be developed anew, they can however, be modifi ed by pretreatment of the target cells and of foreign DNA before the transfer. Previous knowledge of the defense mechanisms of the strain of interest will contribute to the development of optimized protocols. Bacteriophage vectors that import the DNA via transduction and techniques such as recombineering are promising approaches for future developments. The development of new plasmids carrying diff erent inducible promoters and fusion tags will facilitate further advance in cyanobacterial genetic manipulations.
The incorporation of the available information on promoters, gene fusions, plasmids, and the development of new building blocks or BioBricks available for all interested scientists would help to maintain continuity and sustainability of cyanobacterial molecular biology research and contribute in the development of improved or synthetic cyanobacterial strains with streamlined metabolism for production of high value products for biotechnological, industrial and medical applications.
